Aim: Polysaccharide sulfate (PSS) is a new type of heparinoid synthesized with alginic acid as the basic material and then by chemical introduction of effective groups. Although PSS is successfully applied in ischemic cardio-cerebrovascular disease, its effect on cardiac function after ischemia/reperfusion (I/R) injury has previously not been investigated. The aim of the present study was to investigate whether PSS can protect the heart from I/R injury and the underlying mechanism of protection. Methods: Isolated rat hearts were perfused (Langendorff) and subjected to 20 min global ischemia followed by 60 min reperfusion with Kreb's Henseleit solution or PSS (0.3-100 mg/L). Myocardial contractile function was continuously recorded. Creatine kinase (CK) and lactate dehydrogenase (LDH) leakage were measured. Tumor necrosis factor-α (TNF-α) expression in cardiomyocytes was investigated. Western blot analysis for extracellular regulated kinases (ERKs), c-jun aminoterminal kinase (JNKs) and p38 mitogen-activated protein kinase (MAPK) activity was performed. Results: After I/R, cardiac contractility decreased, CK and LDH levels increased in the coronary effluent, and TNF-α expression increased in cardiomyocytes. PSS administration at concentrations of 1-30 mg/L improved cardiac contractility, reduced CK and LDH release and inhibited TNF-α production. Phosphorylated-p38MAPK (p-p38MAPK) and p-p54/p46-JNK increased in I/R rat hearts but diminished in PSS (1-30 mg/L) treated hearts. P-p44/p42-ERK levels were unchanged. In contrast, high concentrations of PSS (100 mg/L) had adverse effects that caused a worsening of heart function. Conclusion: PSS has dose-dependent cardioprotective effects on the rat heart after I/R injury. The beneficial effects may be mediated through normalization of the activity of p38 MAPK and JNK pathways as well as controlling the level of TNF-α expression.
Introduction
Polysaccharide sulfate (PSS) is a new type of heparinoid, extracted from Phylum Phaeophyta. It is a linear, hydrophylic, anionic polyelectrolyte consisting primarily of β-(1,3)-linked glucose residues. PSS is synthesized with alginic acid as the basic material. By chemically introducing sulfuryl and propylene glycol residues in the hydroxyl and carboxyl group of alginic acid sodium, PSS is obtained as a diester sodium [1] . PSS lacks the disaccharide building blocks and 1,4-glycosidic linkages characteristic of heparin [1] , and it is about one-third as active as heparin as an inhibitor of blood coagulation [2] . Heparin and heparin-related glycosaminoglycans are of benefit to the ischemic myocardium [3] [4] [5] . PSS, a new heparinoid, is known to dilute blood, lower blood viscosity, ameliorate hypercoagulation and modulate dyslipidemia [6] . Clinically, PSS is used to prevent and treat ischemic cardiovascular and cerebrovascular disease as well as hyperlipemia [1] . The results of animal experiments showed that application of PSS could protect against cerebral ischemia/reperfusion (I/R) injury [2, 7] . Also, PSS could protect the heart function of patients with coronary heart disease [8] . These findings suggest that PSS may alleviate I/R injury. However, the effect of PSS on cardiac I/R injury has never been investigated.
Mitogen-activated protein kinase (MAPK) plays an important role in the intracellular signaling pathway and is activated during ischemia or after I/R injury [9] [10] [11] . MAPKs include three main families: the extracellular regulated kinases (ERKs, p42/44), the c-jun amino-terminal kinase ( JNKs, p54/46) and the p38 MAPK [12, 13] . These three families appear to have a significant role in the response and adaptation of the myocardium to stress [14, 15] . Therefore, we analyzed changes in the MAPK signaling pathway to investigate the molecular mechanism of the effect of PSS treatment on the rat heart during I/R.
Local inflammatory response is an important contributor to cardiac dysfunction following I/R injury [16] . The myocardium itself generates inflammatory cytokines, such as tumor necrosis factor-α (TNF-α), in response to acute I/R, and these locally produced inflammatory mediators cause depression of cardiac function [17, 18] . Hence, methods that block the inflammatory response may be protective [16, 19] . Heparin and heparin-related glycosaminoglycans exert a cardiac protective effect partially through anti-inflammatory activity, in addition to their anticoagulant function [5, 20] . Hence, in this study, we also examined the role of PSS on TNF-α production in myocardium.
The main aims of the present study were to investigate whether PSS treatment facilitated postischemic heart function recovery and to determine the optimized concentration of PSS that exerted the cardioprotective effect ex vivo. In order to explore the specific molecular mechanisms, we examined the influence of PSS on the MAPK pathway and its effect on TNF-α production in myocardium. Isolated heart perfusion Rats were decapitated, and their hearts were isolated. Retrograde perfusion of the hearts was performed in a nonrecirculating Langendorff apparatus with the spontaneous heart beat rate. Modified KH buffer was bubbled with 95% O 2 /5% CO 2 at 37 °C and at pH of 7.4. A water-filled latex balloon was placed in the left ventricle via left atrium and connected to a computer coupled with a biosignal system (MedLab-U/4CS, China) through a pressure transducer. The balloon volume was adjusted to yield 4-8 mmHg of left ventricular end-diastolic pressure (LVEDP) during the equilibration period, and no further alterations in balloon volume were made. Left ventricular developed pressure (LVDP), LVEDP, maximum rate of intraventricular pressure development (dp/dt max ) and relaxation (dp/dt min ) and heart rate were recorded every 10 min during perfusion after equilibration. The coronary perfusion pressure was 100 mmHg, and the coronary flow rate was obtained by timed collection into a graduated cylinder throughout the perfusion procedure.
Materials and methods

Materials and animals
Experimental groups The rat hearts were randomly divided into eight groups: A1-A8. All hearts were perfused for 20 min for equilibration before the following perfusion protocol: (1) 60 min perfusion with modified KH buffer (A1); (2) 
Determination of tissue injury
The coronary effluent during the first 30 min of reperfusion was pooled. The cumulative amounts of creatine kinase (CK) and lactate dehydrogenase (LDH) released in the coronary effluent were measured in each group ( Jiancheng Co, China).
TNF-α determination Samples from LV myocardial tissue taken for TNF-α measurements were immediately stored at -70°C at the end of perfusion until assayed. The tissue was homogenized in RIPA (150 mmol/L NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40, 50 mmol/L Tris, pH 7.4, 20 mmol/L NaF, 2 mmol/L EGTA, 0.5% levamisole, 1 mmol/L NaVO 4 , 1 µg/mL leupeptin) containing 1 mmol/L PMSF. The supernatant was obtained by centrifugation (18 000×g, 15 min, 4 °C). Tumor necrosis factor-α level in the supernatant of the myocardium homogenate was determined using an ELISA kit (R&D Systems, Inc., Minneapolis, MN, USA). Final results were expressed as pg/mg protein with protein concentration measured using the BCA method (Applygen Technologies Inc, Beijing, China).
Western blot Protein samples were electrophoresed on 12% sodium dodecylsulfate-polyacrylamide gels and transferred onto nitrocellulose membranes, which were incubated with monoclonal rabbit-anti-phosphorylated-p38MAPK (p-p38MAPK), rabbit-anti-p-p54/p46-JNK or rabbit-anti-pp44/p42-ERK (1:1000 dilution, Cell Signaling), followed by incubation with a secondary anti-rabbit antibody. Blots were analyzed semiquantitatively using imaging software (Eastman Kodak) and normalized by comparison to glyceraldehyde phosphate dehydrogenase (GAPDH, 36 kDa).
Statistical analysis Data are expressed as mean±SD. Data sets containing multiple groups were compared by analysis of variance using SPSS 13.0 software. Mean values between the two groups were compared by a least-significant difference test, after an F test for homogeneity of variances had been performed. If data failed to meet the requirements for equal variance, a Tamhane T2 test was used. The results were considered statistically significant at a value of P<0.05.
Results
Effects of PSS on recovery of cardiac performance in isolated I/R rat hearts Post-ischemic recovery of cardiac function during 60 min of reperfusion was expressed as a percentage of the pre-ischemic value. As shown in Figure 2A -D, at concentrations of 1, 3, 10, and 30 mg/L, PSS accelerated the recovery of LVDP, LVEDP, dp/dt max and dp/dt min in isolated I/R rat hearts, but no alteration of cardiac function was observed with PSS at a concentration of 0.3 mg/L (data not shown). Moreover, after I/R, coronary flow was significantly improved at 1, 3, 10, and 30 mg/L of PSS (data not shown). Heart rate remained unchanged in the A1-A8 group before and after ischemia (data not shown). In contrast, PSS at 100 mg/L elicited a marked attenuation of contractility and heart rate in hearts with I/R.
Assessment of cell membrane integrity The cardioprotective effect of PSS was estimated by measuring CK and LDH levels in the coronary effluent. After the 20 min no-flow ischemia, the cumulative amounts of CK and LDH released in the coronary effluent during first 30 min of reperfusion averaged 124805±5238 and 288613±2569 U/g dry weight. These levels were significantly higher than those of the nonischemic rat hearts. PSS treatment (1-30 mg/L) was able to partially attenuate this effect. The amounts of released CK and LDH showed a trend consistent with mechanical activity (Figure 3) .
TNF-α production in the rat myocardium Non-ischemic cardiomyocytes produced a basal level of 455.44±68.59 pg/mg protein of TNF-α. A significant amount of TNF-α (1140.83±86.16 pg/mg protein) was detected in the LV myocardium after 20 min ischemia followed by 60 min reperfusion. Treatment of ischemic rat hearts for 60 min during reperfusion with PSS at concentrations of 1, 3, 10, and 30 mg/L all caused a significant decrease in the amount of TNF-α produced. In contrast, PSS at concentrations of 0.3 and 100 mg/L did not deplete the elevated TNF-α level in I/R rat hearts (Figure 4) .
Effect of PSS on MAPK signaling pathways I/R promoted a 12-fold activation of p38 and a 3.5-fold increase of p-p54/p46-JNK as measured by Western blot using an antibody recognizing the phosphorylated form of p38 and JNK (P<0.01 vs nonischemic hearts). p-p38 and p-p54/p46-JNK expression decreased in PSS (1-30 mg/L) treated I/R hearts compared with control I/R hearts (P<0.01). The amount of p-p44/p42-ERK was unchanged among all of the groups at all the time points measured ( Figure 5 ).
Discussion
Our study shows that the acute administration of PSS (1-30 mg/L) to I/R hearts reduced myocardial dysfunction as evidenced by the presence of significant functional improvement and diminished CK and LDH release. These data support the view that PSS possesses protective effects against myocardium I/R injury. However, a decrease in cardiac coronary flow occurred at 100 mg/L of PSS, which was associated with a prominent depression of the heart rate and a decrease in cardiac performance. This suggests that high concentrations of PSS are toxic to the heart. , and (C and D) maximum rate of intraventricular pressure development and relaxation (dp/dt max , dp/dt min ) in the isolated hearts are shown for the 0, 1, 3, 10, 30, and 100 mg/L PSS experimental groups (n=8 in each group). Data are expressed as a percentage of the pre-ischemic value and are presented as mean±SD.
b P<0.05, c Because we explored the cardioprotective effect of PSS in an isolated perfused rat heart model, the observations in this study are likely not due to the anticoagulant, blood viscosity diluting and lipid-lowering properties of PSS.
The dual phosphorylation of MAPKs on Thr/Tyr is essential for kinase activity and can be used as excellent markers of MAPK activity [21] . Therefore, we used MAPK phosphorylation as a readout of activation. In the present study, global cardiac ischemia caused the activation of p38 MAPK and p54/p46-JNK. After PSS (1-30 mg/L) treatment, however, we found that p38 MAPK and p54/p46-JNK activation was decreased in I/R rat hearts. The phosphorylated form of p44/p42-ERK remained unchanged in all of the groups.
In the cardiovascular system, ERKs are activated by growth factors, cytokines and so on, thereby mediating cell survival as well as cytoprotection [15, 22] . In contrast, JNKs and p38 MAPK are activated by cellular stresses, including oxidative stress, and they are thought to correlate with cardiomyocyte apoptosis and cardiac pathologies [14] . Evidence suggests that the p38 MAPK and JNK pathways have an important role in regulation of responses to cardiac I/R injury [23] [24] [25] . Inhibition of p38 activation results in improved myocardial function after I/R injury [26] . Our results suggested the possible role of JNK and p38 MAPK pathways in adaptive responses of myocardium to I/R injury. PSS administration can partially reverse the abnormal expression of members of the p38 MAPK and JNK pathways. The ERK pathway did not play a role in this pathological process with or without PSS treatment.
Cardiocytes themselves produce TNF-α in response to ischemia [27] , and TNF-α plays a critical role in myocardial dysfunction following acute injury [28] [29] [30] . In this study, we observed a significant increase in the TNF-α concentration in the isolated hearts after I/R. The application of PSS (1-30 mg/L) suppressed TNF-α protein production, which further illustrates the cardioprotective effect of PSS.
Recently, many investigators have indicated that MAPK is a key mediator in disease states characterized by inflammation [31] . Our results concurred with previous research that showed that acute injury resulted in changes in signal transduction through kinases such as p38 and JNK. This leads to increased expression of proinflammatory cytokines, such as TNF-α, which has been implicated in the pathogenesis of I/R related cardiac dysfunction [30] . Our observation of decreased p38 MAPK and p54/p46-JNK activation in I/R rat hearts after PSS treatment correlates with their decreased myocardial TNF-α production and myocardial function alterations. We therefore propose that the preserved cardiac function after PSS reperfusion may well be associated with the changes of p38 MAPK and JNK pathways and down-regulation of inflammatory activation.
In the present study, PSS treatment (1-30 mg/L) also caused an increase in coronary flow. Previous experiments showed a significant decrease in endothelial nitric oxide synthase messenger RNA expression after global cardiac ischemia. The addition of anti-TNF-α antibodies was shown to increase coronary flow and endothelial nitric oxide synthase messenger RNA expression [32] . This may represent an additional mechanism by which PSS can ameliorate postischemic recovery via inhibition of TNF-α production.
Therapeutic plasma concentrations of PSS in humans are 2-20 mg/L [33] . In our experiments, we observed cardiac arrest in the ischemic heart after reperfusion of PSS at concentrations over 30 mg/L. Moreover, concentrations below 1 mg/L may have no protective effect against I/R injury, as we did not observe any effect of PSS at 0.3 mg/L on I/R hearts. Therefore, the concentration of PSS that may exert a protective effect against I/R injury in isolated rat heart is 1-30 mg/L. Further studies are needed to explore the effective concentration in vivo.
The observation that PSS can protect the ex vivo ischemic and reperfused heart expands the spectrum of potentially favorable effects of PSS. This may have profound implications for early PSS administration in a variety of clinical conditions in which the heart is subjected to ischemia followed by reperfusion (acute coronary syndrome, coronary angioplasty, thrombolytic therapy, and cardiopulmonary bypass surgery). The beneficial effect of PSS treatment may be mediated through normalization of p38 MAPK and JNK pathway activity and inhibition of inflammatory cytokine production.
